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1. Introduction 
Arsenic (As) in soil is a serious environmental problem due to its potential high toxicity. 
Under field conditions As can accumulate in contaminated soils because it is only partially 
removed by leaching, methylation, and erosion or because it is only slightly taken up and 
accumulated by plants. Chemically, As exists as organic and inorganic species. It has two 
main oxidation states (+III and +V), depending on the type and amounts of sorbents, pH, 
redox potential (Eh), and microbial activity (Yong & Mulligan, 2004). Inorganic compounds 
are the most frequent in soil due to their water solubility. The most thermodynamically 
stable species within the pH range 4.0-8.0 include H3AsO3 of AsIII, and HAsO42- and H2AsO4- 
of Asv (Smith et al., 1998). Asv species predominate in soil solutions under moderate 
reducing conditions, but AsIII forms are more abundant when the redox potential is below 
500 mV, according to Masscheleyn et al. (1991). These authors also indicate that a rise in pH, 
or a fall in Asv to AsIII, boost the concentration of As in the solution, while its solubility 
under moderately reducing conditions is controlled by the dissolution of iron hydroxides 
(Marin et al. 1993). On the other hand, it is well known that the As concentration in a soil 
solution is governed by the physical and chemical properties of the soil, which influence 
adsorption-desorption processes. Arsenic has a high affinity for oxidic surfaces, and the 
reactivity of the oxides varies considerably with the pH, the charge density, and the 
composition of the soil solution. The soil texture and the nature of the mineral 
constituents also affect adsorption processes (Hiltbold, 1974). Pierce and Moore (1980) 
demonstrated the specificity of the surface of iron hydroxides and the influence of pH in 
As adsorption. 
In soils, As has low mobility and under reducing conditions the concentration of dissolved 
As in soil solution declines. The availability of this element in soils can increase under acidic 
conditions (mainly pH below 5), due to the greater solubility of the iron and aluminium 
compounds, which augment As toxicity (O’Neill, 1995). In general, the mobility of this 
element is directly related to the total amount of As and inversely to time as well as to the 
iron and aluminium content; also, under oxidation conditions, its bioavailability is strongly 
limited (Kabata-Pendias & Pendias, 2001).  
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Compared to the abundant data on As adsorption, little information is available on As 
desorption in soils. In this sense, Carbonell et al. (1996) discovered that the adsorption of 
AsIII forms is a reversible process, whereas the adsorption of Asv is a hysteresial process. 
Arsenic in soil is usually found in association with iron, aluminium, and manganese 
hydroxides, clays, and mineral oxyanions (sulphates, phosphates, and carbonates), which 
may serve as significant repositories of As due to their ubiquity in the environment (Foster, 
2003). Iron hydroxides, such as goethite and ferrihydrite, are commonly found in soil and 
have been shown to be important in influencing the mobility behaviour of As (Foster, 2003; 
Jiang et al., 2005; Sun & Doner, 1996; Waychunas et al., 1993). Arsenic behaviour in soil is 
related to many factors. Microbial activity changes the oxidation state, and the formation of 
volatile As compounds by methylation leads to losses of this element in the superficial 
horizons (Dudas, 1987). In any case, these reactions depend both on the microorganism type 
as well as on the As compound (NRCC, 1978). The presence of organic matter has been 
studied as a key factor in the desorption of arsenic from iron oxides, in this way, Redman et 
al. (2002) found that the interaction between natural organic matter and hematite 
diminished the sorption of arsenate, promoting its mobility, and other authors considered 
that dissolved organic matter can mobilize arsenic from iron oxides, increasing the 
concentration of this element in the solution (Bauer & Blodau, 2006; Dobran & Zagury, 2006; 
Mladenov et al., 2010). Otherwise, significant desorption of As is observed with the rise in 
pH, in this case, the higher pH is related to the lower positive surface charge of the iron 
oxides, which facilitates the desorption of arsenate (Ghosh et al., 2006; Klitzke & Lang, 2009; 
Masscheleyn et al., 1991). 
In this chapter, we present a general overview of the current stage of As content in the soils 
after one of the most important accidents involving soil pollution in Spain in recent decades:  
the Aznalcollar mine spill (Seville, SW Spain) in 1998. In this accident, the settling pond of 
the pyrite mine in Aznalcóllar broke open, spilling some 3.6 x 106 m3 of water and 0.9 x 106 
m3 of toxic tailings into the Agrio and Guadiamar river basins (Aguilar et al., 2003; Simón et 
al., 1998). The toxic tailings spread approximately 40 km downstream, reaching the 
wetlands of the Doñana National Park (proclaimed world heritage by UNESCO in 1994). 
The total affected area was roughly 55 km2. The disaster left sludge deposits between 1 cm 
to 1.5 m thick in different parts of the affected area (Simón et al., 1999; Lopez-Pamo et al., 
1999). Arsenic was one of the major components of the toxic tailings, with a mean 
concentration of 4953 mg kg-1 (López-Pamo et al., 1999). The correlation between total As 
and sulphur strongly suggest that As was present in the tailings as arsenopyrite (FeAsS) and 
that the oxidation of the tailings would release iron and As (Simón et al., 2001). The 
remediation of soils was focused on the clean-up of the tailings and uppermost layer of the 
heavily polluted soils, together with the application of blocking agents to neutralize the 
acidity and to immobilize the highly soluble As concentrations (Aguilar et al., 2007b). 
Cleanup operations began almost immediately, so that by November 1998 the tailings were 
almost completely removed with heavy machinery and the acidic waters had been treated 
and discharged (Aguilar et al., 2003). To neutralize the acidity, liming material (sugar-
refinery scum) was applied throughout the affected area at rates ranging from 20 to 150 Tm 
ha-1. For arsenic immobilization, red soils rich in iron and located next to the affected area 
(Mudarra, 1988) were used; these soils had a concentration in free-iron oxides of between 
2.26% and 6.31%, and the application rate ranged between 120 and 300 Tm ha-1. Due to the 
climatic conditions (Mediterranean climate with ETP > precipitation), the soil solution 
tended to move upwards and concentrate the pollutants at the soil surface (Simón et al., 
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2007). In the case of moderately polluted areas, when the aforementioned remediation 
actions were not feasible, the soils were tilled and homogenized to a depth of 25 cm, causing 
the As concentrations to decline in these soils to below the intervention level, although this 
action did not reduce the pollution. 
Phytoremediation was also applied in some parts of the affected area (Clemente et al., 2006; 
Peñalosa et al., 2007), but the results at the plot scale were not effective enough to apply for 
the recovery of the whole area (Clemente et al., 2005; Madejón et al., 2003; Pérez de Mora et 
al., 2006). The final measurement was the stabilization of the soils by revegetation with 
native plants. A monitoring of the area in 2004 (6 years after the accident) revealed that 
although the remediation measurements lowered the As concentrations, the percentage of 
soils exceeding the maximum permitted level for agricultural soils was around 65% of the 
total affected soils, while around 30% of the soils had even doubled the maximum permitted 
of As (100 mg kg−1; Simón et al., 2009). 
In this chapter, we present a general overview of the time course of As content in soils 
during the remediation actions undertaken in the affected area. We present monitoring data 
12 years after the accident and discuss the implications of the remediation measurements in 
relation to the mobility of As in soils over time. 
2. Material and methods 
 To assess the arsenic contamination level in the basin, we made a systematic sampling in 
the affected area after the removal of the tailings covering the soils, using a network (400 x 
400 m) and randomly selecting 100 sampling points. At each sampling point, samples were 
taken at the centre and four corners of a square (10 m side), at 0-10, 10-30, and 30-50 cm in 
depth. The samples for the same depth were mixed and homogenized, providing 3 samples 
per sampling point. Samples were also collected from uncontaminated soils in nearby areas 
unaffected by the spill. 
After the study of the main soil properties between 0 and 50 cm in depth, samples were 
grouped into five different types using a cluster analysis via the k-mean method (Figure 1). 
Soil types 1 and 2 (no-carbonate sector), located in the upper part of the basin, closest to the 
tailing pond, were slightly acidic; type 1 had a loamy texture while type 2 was dominated 
by sand and gravel. Soil types 3, 4, and 5 (carbonate sector) were predominantly neutral or 
slightly alkaline, the main differences between them being texture (type 3, clay loam; type 4, 
loam; type 5, silty clay). The soils in the affected area were classified as Typic Xerofluvent 
(upper part of the basin) and Typic Xerorthent (middle and lower part of the basin) (Soil 
Survey Staff, 2003). Field descriptions of soils were based on procedures of the Soil Survey 
Staff (1951). 
Soil samples were air-dried and sieved to 2 mm to estimate the gravel content. Soil analyses 
were made with the < 2 mm fraction. Sulphate was determined in the saturation extract 
(water-soluble sulphate) by ion chromatography in a Dionex-120 chromatograph. Particle-
size distribution was determined by the pipette method after the elimination of organic 
matter with H2O2 and dispersion with sodium hexametaphosphate (Loveland & Whalley, 
1991). The pH was measured potentiometrically in a 1:2.5 soil:water suspension. The CaCO3 
equivalent was determined by the method of Bascomb (1961). Total carbon was analysed by 
dry combustion with a LECO SC-144DR instrument.  Organic carbon (OC) was determined by 
the difference between total carbon and inorganic carbon from CaCO3. The cation-exchange 
capacity (CEC) was determined with 1N Na-acetate at pH 8.2, measuring the sodium in a 
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METEOR NAK-II flame-photometer. The total concentration of iron (FeT) was measured by X-
ray fluorescence in a Philips PW-1404 instrument, from a disc of soil and lithium tetraborate in 
a ratio of 0.6:5.5.  Poorly crystallized iron oxides (FeO) were extracted with ammonium oxalate 
(Schwertmann & Taylor, 1977), and measured by atomic absorption spectroscopy. 
 
 
Fig. 1. Location of the area affected by the pyrite tailing spill 
Soil samples were finely ground (<0.05 mm), and digested in strong acids (HNO3 + HF); in 
these dissolutions, total As values were determined by ICP-MS in a Perkin Elmer Elan 5000 
instrument. A Multi-element Calibration Standard 4 (Perkin-Elmer) was used with Rh as the 
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internal standard. The detection limit for As in soils measured by this technique was 0.01 μg 
l-1.The accuracy of the method was corroborated by analyses (six replicates) of a standard 
reference material: SRM 2711 (soil with moderately elevated trace-element concentrations). 
For As, the mean certified value was 105.0 mg kg-1 with a standard deviation of 8.0; the 
mean experimental value was 102.4 mg kg-1 with a standard deviation of 1.1. For the study 
of the mobility of As forms in soil samples, extractions were conducted with distilled water 
and EDTA (AsW and AsE, respectively; Quevauviller et al., 1998), and ammonium oxalate 
(AsO; Schwertmann & Taylor, 1977). 
Toxicity bioassays were made with the water extract (1:5 soil:water ratio) of the affected 
soils to assess the potential risk of the soil-water solution. We used two types of bioassays: i) 
the response of bioluminescent bacteria Vibrio fischeri according to Microtox Basic Test for 
Aqueous Extracts Protocol (AZUR Environmental, 1998); and ii) seed-germination text with 
lettuce (Lactuca sativa L.) according to the US EPA (1996) procedure. 
3. Results and discussion 
3.1 Initial pollution (the year of the accident) 
The accident (25th April, 1998) caused a spill that covered the soils with variable amounts of 
tailings and polluted waters. The mean concentration of As in the tailings was 4953 mg kg-1, 
and in the waters 0.002 mg l-1. According to Simón et al. (2007) the As contamination entered 
the soil mainly from the solid phase, and estimation of the quantity of tailings that 
penetrated the soil ranged from 1.7 to 150.8 mg tailing per kg soil, depending on the affected 
sector considered. Nine days after the spill (May, 1998), with the soils still covered by the 
tailings, the mean As concentration in the uppermost 10 cm of the soils was 121.7 mg kg-1, 
although the pollution was very heterogeneous, mainly due to the soil properties, essentially 
structure, which affected the penetration of the tailings into the soil (Simón et al., 1999). 
A few weeks after the spill (June, 1998), as result of drying and aeration of the tailings, 
sulphides oxidized to sulphates (Nordstrom, 1982), the pH fell markedly due to the 
formation of sulphuric acid (Stumm & Morgan, 1981) and the formerly insoluble pollutants 
partly solubilized. During the weeks following the spill, this oxidation became evident, the 
sulphates increased rapidly in the tailings solution, this being accompanied by a sharp fall in 
the soil pH (with pH values up to 2.5 in the most polluted areas). The concentration of 
soluble As, measured in a water extract of tailings, was also found to vary over time. In this 
way, most of this solubilization occurred between 25 and 40 days from the spill (increasing 
more than 5-fold the water-soluble arsenic in soil in relation to the previous period), when 
the oxidation and solubilization of the sulphides bonding to arsenic in the tailings were 
highest and a rainfall period occurred. At 88 days from the spill (July, 1998), the oxidative 
pollution was negligible (Simón et al., 2007). This oxidative pollution sharply increased the 
arsenic contamination in the soils over time in the surface samplings (0-10 cm) but without 
increasing the pollution in the samples at 10-30 cm in depth (Aguilar et al., 2007a). 
After the initial contamination (direct input of tailings into the soils) and the secondary 
contamination (infiltration of pollutant solutions coming from the oxidation of the tailings), 
the soils were considered strongly polluted. Because of the potential environmental risk of 
pollution, the first remediation measure was to clean-up the affected area; in this action, the 
tailings and the upper part of the soils (between 20 and 50 cm mean) were removed. The 
systematic sampling in the affected area after the clean-up (November, 1998) indicated that, 
after this measure the mean arsenic concentration in the uppermost 10 cm of the soils was 
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157.3 mg kg-1 (with maximum values up to 1,226.8 mg kg-1). The soil pollution exceeded the 
permitted value for agricultural soils in Andalusia (50 mg kg-1; Aguilar et al., 1999) for 82% 
of the overall surface area affected by the tailings, 96% in the no-carbonate sector (soil types 
1 and 2), and 76.8 % in the carbonate sector (soil types 3, 4 and 5). Meanwhile, 53% of the 
affected soils surpassed the limit of 100 mg kg-1 maximum permitted for Natural Park in 
Andalusia (Aguilar et al., 1999). 
3.2 Evolution of the soil pollution after the remediation actions 
The rapid clean-up of the affected area (in eight months, 45 km2 were cleaned) resulted in a 
deficient remediation action, as part of the tailings remained mixed with the soil, appearing 
residual tailings heterogeneously distributed throughout all the affected area. According to 
the high concentrations of As in soils after the clean-up conducted in 1998, secondary 
remediation actions were applied in the area between 1999 and 2001. These actions consisted 
in: i) repeat cleanup of the most polluted areas; ii) amendment applications (liming, organic 
matter, soils rich in iron oxides); and iii) tilling of the uppermost 25 – 30 cm to dilute the As 
concentrations in the upper 10 cm of the moderately contaminated soils. Phytoremediation 
was also applied in some parts of the affected area (Clemente et al., 2006; Peñalosa et al., 
2007), but the results at the plot scale were not effective enough to apply for the recovery of 
the whole area (Clemente et al., 2005; Madejón et al., 2003; Pérez de Mora et al., 2006). The 
final measurement conducted in the area was the stabilization of the soils by revegetation 
with native plants. 
After the end of all the remediation actions, the monitoring of the pollution made 6 years 
later (summer 2004) revealed that the initial pollution was reduced, but the reduction of the 
area exceeding the As concentration of 50 mg kg-1 was negligible, and around 30% of the 
area continued to exceed the intervention level of 100 mg kg-1 (Figure 2). 
In all cases, the As pollution concentrated in the uppermost 10 cm of the soils and decreased 
sharply in depth, without significantly affecting the subsoil or groundwater (Simón et al., 
2001, 2002, 2009; Dorronsoro et al., 2002).  
To study the As retention in the soil, we made extractions with selective reagents (water, 
calcium chloride, acetic acid, EDTA, oxalic-oxalate). Arsenic was extracted mainly with 
oxalic-oxalate both in the non-carbonate sector (30% in relation to the total As) and in the 
carbonate sector (20% in relation to the total As). Considering oxalic-oxalate to be the 
reagent which extracts specifically the elements adsorbed onto oxides, we conclude that As 
is strongly retained by the iron oxides of the soil (Martin, 2002). The correlation between the 
main soil constituents and the total arsenic concentration (AsT) indicated that there was a 
significant correlation only with the total iron (FeT) concentration (Eq. 1), which indicates 
that As is likely to be absorbed as anionic forms by iron oxides precipitated in the soil 
(García et al., 2009). 
 AsT = 2· 10-5 FeT4.009       (r2 = 0.983) (1) 
The mineralogical study of the most polluted soils in the affected area (García et al., 2009; 
Martín et al., 2008), indicated that the arsenic retention in these media should be related to 
the neoformation of iron hydroxysulfate minerals (jarosite [KFe3SO4(OH)6]; schwertmannite 
[Fe8O8(OH)6SO4]) and ferrihydrite [5Fe2O3· 9H2O]), suggesting that the removal of As through 
co-precipitation and adsorption reactions is probably the dominant solid-phase control on the 
mobility of arsenic (Bigham et al., 1996; Dold, 2003; Sánchez España et al., 2005). In this way, 
the retention of As in these soils would be related to the precipitation of relatively stable forms 
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of ferrihydrite and schwertmannite; this process is related to the reduction of soluble As 
concentrations in soils (Carlson et al., 2002; Courtin-Nomade et al., 2003). 
 
 
Fig. 2. Total arsenic concentrations (AsT) in the affected soils (0-10 cm) in 1998, 2001, and 2004 
3.3 Mobility, bioavailability, and toxicity of arsenic in soil (evolution during 6 years) 
In this type of pollution, toxicity and metal uptake are more accurately related to soluble 
and bioavalilable fractions than total metal concentrations in soil (Kumpiene et al. 2008). 
These forms are more related to the potential environmental risk of the pollution because 
they indicate the ability of the pollutant to be dispersed by the environment or transferred to 
organisms (animals and plants) living in the affected ecosystem. In this way, the soil is usually 
considered as a key factor to control and avoid environmental contamination. Soil acts as a 
buffering medium that receives contaminants and in many cases, due to the interaction with 
the soil constituents and properties, the pollution is minimized and the dispersion of the 
contaminants to other more sensitive media such as water or organisms is strongly reduced. 
The easiest form of a pollutant to mobilize in the soil is the soluble-in-water form. Arsenic is 
a highly toxic element and therefore the toxic levels in soil solution are reported at very low 
concentrations (0.04 mg As kg-1 soil; Bohn et al., 1985). The soluble-in-water forms were 
extracted just after the first clean-up actions (at the end of 1998), three (in 2001) and six years 
(in 2004) later (Figure 3). In this period, the solubility of the As forms strongly reduced in 
the polluted soils. After the end of the first remediation actions in 1998, high amounts of As 
remained soluble in the affected soils, with more than 50% of the soils exceeding the toxic 
level. Three years later, there was a decline in the As solubility, although 19% of affected 
soils surpassed the toxic level, with differences depending on the soil properties (10% in the 
carbonate sector and 25% in the non-carbonate sector). Six years after the accident, there was 
a sharp reduction in the soluble-in-water forms of As, only the 5% of the affected soils 
exceeding the toxic level, with no significant differences being found between the carbonate 
and the no-carbonate sector. 
The forms extracted with EDTA are considered to be bioavailable by many authors because 
they are related to the carbonates, inorganic precipitates, amorphous oxides or organic 
ligands that can be uptaken by most plants (Beckett, 1989; Quevauviller et al., 1998; Rendell 
et al., 1980; Sposito et al., 1982). In this way, arsenic extracted by EDTA significantly differed 
over time (Table 1). 
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Fig. 3. Soluble-in-water arsenic concentrations (AsW) in all the affected soils and in the 
different sectors (carbonate and non-carbonate) in 1998, 2001, and 2004 (doted line: toxic 
level 0.04 mg kg-1; Bohn et al., 1985) 
 
 1998 2001 2004 
All soils 58 12 bl 
Non-carbonate sector 69 25 bl 
Carbonate sector 50 2 bl 
Table 1. Percentage of soils exceeding the level of 2 mg kg-1 of As extracted with EDTA in all 
the affected soils and in the different sectors (carbonate and non-carbonate) in 1998, 2001, 
and 2004 (bl: below level) 
After the end of the first remediation actions in 1998, high amounts of As remained 
bioavailabe in the affected soils of all sectors, with around 58% of the soils exceeding the 
level of 2 mg kg-1. Three years later, there was a reduction in the solubility of As and only 
12% of soils had bioavailable concentrations in As above the reference level, although 25% of 
affected soils were located in the non-carbonate sector and only 2% in the carbonate sector. 
Six years after the accident, there was a notable reduction in the bioavailable forms of As, 
with no soil exceeding the reference level of 2 mg As kg-1 soil. 
Bioassays were made to assess the toxicity of the affected soils 6 years after the accident. The 
toxicity was estimated from the soluble-in-water fraction using two types of bioassays: i)  
seed germination test (US EPA, 1996) with lettuce (Lactuca sativa L.); and ii) bioluminescent 
text (AZUR, 1998) with bacteria (Vibrio fischeri). These tests were applied because the toxicity 
related to the soluble-in-water fractions of contaminants reflects the behaviour of the most 
mobile fraction of pollutants and are strongly related to the high risk of dispersion, 
solubilization, and bioavailability of contaminants in the environment. Both assays used 
distilled water as a control. 
This study was made in six georreferenced soils included in a heavily contaminated sector 
in 1998 (CS 98). The same study was repeated in the same six soils after the end of the 
remediation actions in 2004 (RS 04); six reference soils adjacent to the area but not affected 
by the spill were selected as uncontaminated soils (UCS). In all water extracts, pH, electric 
conductivity and the soluble concentration of arsenic and other elements were determined. 
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The results of the response of the bioluminescent bacteria after 15 min (I15) and the root 
elongation of lettuce seeds (RE) are presented in Table 2. 
 
 pH 
EC 
(dS m-1)
CuW 
(mg l-1)
ZnW 
(mg l-1) 
AsW 
(mg l-1) 
PbW 
(mg l-1) 
I15 RE 
UCS 7.62 0.56 0.02 0.02 0.01 0.01 (+) 30.5 (+) 5.6 
CS 98 3.67 2.78 135.30 632.09 0.18 0.31 (-) 73.9 (-) 66.8 
RS 04 7.05 2.16 0.67 10.25 0.01 0.92 (+) 5.1 (+) 3.2 
Table 2. Main properties of the water extracts [pH, electrical conductivity (EC) and soluble-
in-water concentrations of pollutants] used in the bioassays with bioluminescent bacteria 
after 15 minutes (I15) and root elongation of lettuce seeds (RE) 
The results indicate that the contaminated soils (CS 98) strongly inhibited bioluminescent 
bacteria (74% in relation to the control) and heavily reduced of the root elongation in lettuce 
(67% in relation to the control). The most significant variables related to the toxicity were 
pH, and the soluble concentrations in Cu and Zn. Therefore, in this type of multi-elemental 
pollution, the As concentration in the water extract was not the main element related to the 
toxic response in both bioassays. The comparison of these results with those registered six 
years later in the same area after the end of the remediation actions (RS 04) indicated a sharp 
decline in the soluble concentrations of the pollutants, and a positive response in both 
bioassays. This indicates that no toxicity occurred in the selected soils after remediation and 
that the organisms in contact with the soil solution increased in luminescence or in root 
elongation compared to the control (hormesis). This positive response was also found in the 
uncontaminated soils of the area (UCS), indicating that the remediation measurements 
successfully lowered potential toxicity related to the soluble fraction in the polluted soils. 
3.4 Evolution of arsenic pollution twelve years after the accident 
Due to the remediation actions, some of the soil properties changed significantly from 2004 
to 2010 (twelve years after the accident). The influence of the liming applied over the soils to 
avoid the acidification caused by the sulphide oxidation and to promote the precipitation of 
the pollutants raised the pH over time (Figure 4). In the non-carbonate sector (NCS) the rise 
over time was notable (p<0.001), with mean values of 5.75 in 2004, rising to 7.63 in 2010. In 
the carbonate sector (CS), the rise was less remarkable but also significant (p=0.004), ranging 
from mean values of 7.64 in 2004 to 8.25 in 2010. The differences in pH between sectors 
decreased over time but remained significantly different in all years. The soil organic carbon 
(OC) also showed a sharp increase during the study period, and the differences between 
sectors were significantly different in 2010 (Figure 4), due to the addition of organic 
amendments to help stabilize the soils and regenerate the vegetation, being this recovery 
more rapid in the carbonate sector. The soil OC content in 2004 in the NCS was close to 1%, 
increasing significantly (p=0.03) to 1.3% in the last years sampled; meanwhile this increment 
was higher and statistically significant (p<0.001) in the CS, where the OC reached mean 
values of close to 1.7%. 
After the potential contamination and the mobility of pollutants in the environment were 
minimized, a protected landscape configuration was established by the regional government 
of Andalusia (Spain), called the “Green Corridor of the Guadiamar River” (CMA, 2003). The 
use of all the agricultural soils within the affected area was prohibited to avoid the potential 
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risk of high levels of total concentration in arsenic and other heavy metals in soils. 
Therefore, the remediation measurements during the study period 2004 – 2010 were focused 
on stabilizing the vegetation and protecting the area, causing the total concentration of 
arsenic to remain constant in the affected soils. 
 
 
Fig. 4. Time course of pH and soil organic carbon (OC) in the non-carbonate sector (NCS) 
and carbonate sector (CS) in 2004, 2009, and 2010 (different letters indicate significant 
differences between sectors according Tukey test p<0.05) 
To study the medium-term development of the pollution, we repeated the same systematic 
sampling of the affected area in 2009 and 2010, eleven and twelve years, respectively, after 
the accident. The total As concentration in the affected soils, had not significantly changed 
over time. Six years after the spill (in 2004), the soil exceeding the intervention level of 100 
mg As kg-1 soil was around 30% (40% of the non-carbonate soils and 25% of the carbonate 
soils), and the percentage of soils exceeding this value in 2009 and 2010 remained 
approximately the same (Figure 5), with a similar ratio between the carbonate and non-
carbonate sectors.  
 
 
Fig. 5. Total arsenic concentrations (AsT) in the affected soils in 2004, 2009, and 2010 
The arsenic mobility over time was also studied in 2009 and 2010 after analysing the soluble-
in-water and the EDTA extracted forms. In relation to the previous sampling (in 2004) there 
was a sharp increase in the solubility of arsenic forms in remediated soils (Figure 6). 
This increase occurred both in the non-carbonate as well as in the carbonate sector, 
indicating that the solubility of arsenic in soils has changed independently of the soil type. 
In relation to the EDTA extracted forms, considered to be bioavailable, the increase was also 
pronounced throughout the affected area. The concentration of As extracted with EDTA had 
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a mean value of 0.49 and 0.41 mg kg-1 in 2004 in the non-carbonate and carbonate sectors, 
respectively. Six years later (in 2010) these concentration increased to 0.97 and 0.58 mg kg-1 
in both sectors, respectively. 
 
 
Fig. 6. Soluble-in-water arsenic concentrations (AsW) in all the affected soils and in the 
different sectors (carbonate and non-carbonate) in 2004, 2009, and 2010 
The reduction of soluble As concentrations in these soils has been related, in the previous 
section, to As retention by iron oxi-hydroxides precipitated in the soils mainly as low 
crystallization forms (amorphous). In any case, some authors have described such 
adsorption as a reversible process (Carbonell et al., 1996). A correlation analysis was made 
between the mobile fractions of As and the main soil properties and constituents between 
the period 2004 to 2010. This analysis gave a significant (p<0.001) and negative correlation 
between the soluble-in-water As forms (AsW) and the amorphous iron oxides (Feo) in soil, 
indicating that the reduction of these amorphous phases should be related to the increase in 
the arsenic concentration in the soil solution. 
The quantification of the reduction in the amorphous iron oxides in the soil is not enough to 
explain the strong increase in the solubility of arsenic in the affected area, so we studied the 
main constituents that may influence As mobilization in soils. According to the different soil 
types described in Section 2, we made a correlation analysis between the mean values of the 
main soil properties and the arsenic forms; the main coefficients are presented in Table 3. 
Significant correlations were found between the soluble-in-water arsenic (AsW) with the pH 
and the organic carbon (OC) of the soil; also, As extracted with EDTA (AsE) significantly 
correlated with organic carbon. However, we found no correlation between the mobile As 
forms and the total concentration of As in the soil (AsT), indicating that after the remediation 
measurements the initial contamination has little influence on the As mobility in soils. 
According to these results, a rise in pH can intensify the As concentration in the solution. 
Arsenic in soils has a high affinity for oxidic surfaces, and the reactivity of the oxides varies 
considerably with the pH, the charge density, and the composition of the soil solution. 
Pierce and Moore (1980) demonstrated the specificity of the surface of iron hydroxides and 
the influence of pH in the As adsorption. In this way, significant desorption of As is 
observed with the rise of pH; in this case, the rise in pH is related to the decrease of the 
positive surface charge of the iron oxides, which facilitates the desorption of arsenate 
(Ghosh et al., 2006; Klitzke & Lang, 2009; Masscheleyn et al., 1991). 
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 AsW AsE AsT pH 
AsE 0.535 (*)    
AsT -0.188 0.082   
pH 0.639 (**) 0.346 -0.634 (**)  
CO 0.704 (**) 0.531 (*) -0.384 0.691 (**) 
Table 3. Correlation matrix between the soluble-in-water (AsW), EDTA extracted (AsE), 
total arsenic (AsT) forms, pH, and organic carbon (OC), in the different soil types in the 
period 2004 – 2010 (p<0.05 = (*); p<0.01 = (**)) 
Another key factor influencing As mobility in soils over time is the total soil organic carbon 
(OC). According to our data, a significant and positive correlation was found between the 
AsE and AsW with the total soil organic carbon (Table 3). The regression plot between the 
AsW and the OC is presented in the Figure 7 by a potential equation. 
 
 
Fig. 7. Regression plot between soluble-in-water arsenic concentrations (AsW) and total soil 
organic carbon (OC) in all the different soil types between the period 2004 – 2010 
The presence of organic matter has been studied as a key factor in the desorption of As from 
iron oxides. In this sense, Redman et al. (2002) reported that the interaction between natural 
organic matter and hematite diminished the sorption of arsenate, promoting its mobility, 
while other authors have observed that dissolved organic matter can mobilize As from iron 
oxides, augmenting the concentration of this element in the solution (Bauer & Blodau, 2006; 
Dobran & Zagury, 2006; Mladenov et al., 2010). Therefore, the competing effect of organic 
matter with arsenate for surface sites should also be related to the mobilization of As 
retained in soils after the remediation actions. 
4. Conclusion 
Twelve years after the Aznalcóllar pyrite tailing spill, and after the end of all remediation 
actions made in the affected area, we detected a notable increase in the soluble-in-water and 
bioavailable arsenic forms previously retained by the amorphous iron oxides of the soils. In 
the affected soils, two main parameters seems to be related to the increase of As solubility 
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over time, soil pH and total soil organic carbon. The rise in pH values under alkaline 
conditions caused by the liming applications, can be related to the decrease of the positive 
surface charge of the iron oxides which can trigger the desorption of the retained arsenate. 
Otherwise, the increase in soil organic matter content related to the revegetation of the soils 
can be related to the greater mobility of the arsenic in soils due to the competing effect for 
the surface sites. Monitoring and assessment of soils polluted by arsenic and remediated 
with amendment applications (mainly liming and organic matter) are necessary over the 
short to medium terms in order to control the desorption or mobilization of arsenic forms 
over time and to avoid the environmental risk related to the potential toxicity of the soil 
solutions. 
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